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 Pc-LEDs, the lighting method that blends blue LED light with yellow light 
from phosphor to discharge white radiation, is one of the most advance 
known for high lumen output. However, pc-LEDs has inferior due to angular 
CCT deviation, which prevent pc-LEDs from reaching better performance. 
As a result, this research is conducted to address the need of pc-LEDs 
development by introducing a configuration doped with ZnO nanoparticles. 
The finite-difference time-domain (FDTD) method and the phosphor layer 
containing ZnO were applied in the experiments. The effect of ZnO-filled on 
the performance of color quality pc-LEDs is confirmed through calculated 
results. In particular, the uniformity of scattered light is improved with the 
presence of ZnO. In addition, ZnO particles also minimize the deviation of 
color temperature and enhance the color quality. Although there is a small 
decline in lumen output to achieve better color temperature uniformity, 
however, with suitable concentrations such as 0.25% N-ZnO, 0.25% S-ZnO, 
and 0. 75% R-ZnO, the decline is acceptable. The research on ZnO pc-LEDs 
demonstrates that this affordable and simple configuration can improve 
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1. INTRODUCTION  
The among many approaches in fabricating white light, the configuration that converts light from 
phosphor (pc-LEDs) is currently the most proficiency and common. Comparing to previous light sources,  
pc-LEDs is better in both amount and quality of light while using less energy, less manufacturing expense, 
and does not emit chemical waste [1]-[4]. Blue LED and yttrium aluminum garnet (YAG:Ce) phosphor are 
the ingredients in the mixing process to create white light in pc-LEDs [5], [6]. Despite being widely use, this 
quality of light fabricated from this method is bad due to the ingredients being unevenly distributed causing 
the color temperature to deviate. Deviated color temperature hinder the color quality by inducing a yellow 
ring at the edge of discharged light that can only be addressed with structural reformation [7]-[9]. Although 
the optical qualities can be improved by using modified configurations suggested from research such as 
conformal coating structure [10], phosphor material adjustment [11], changing discharge surface [12], and 
structural modification [13], [14]. These suggestions are all capable of improving the color quality, however, 
complexity and high production cost prevents them from being widely used. Therefore, an alternative 
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solution with simple production process, low manufacturing expense while obtaining similar effects on 
optical properties is the target for researchers. 
Currently, the attention is on scattering enhancement materials that is cost-effective and can be 
easily integrated into the lighting structure. Among the enhancement materials, TiO2, ZrO2 and SiO2, the 
metal oxide compounds, are proven as effective materials in promoting angular CCT uniformity, a results 
concluded from experiments [15]-[18]. The ZrO2 with 300 nm of particle size can reduce color temperature 
deviation by 580 K from 1000 K to 420 K in between −70° to 70° angles, a result obtained the research 
conducted by Chen et al. [15]. Another scattering materials, TiO2, is proved as effective in limiting CCT 
diversion through experiments by Lee et al. [18]. The TiO2 particles are mixed into the phosphor material and 
as the concentration of TiO2 increases the color temperature deviation declines. These research provide 
valuable information on light quality control, however, it is not enough for the development demands 
considering how only the concentrations are changed while the particles modifications are completely 
disregarded [5], [19], [20]. Without an extensive research that cover all aspects of diffuser utilization and 
provide a detailed instruction, diffuser particle selection is still a complex matter. 
In this research study the ZnO particle as an diffuser to enhance scattering effect of pc-LED because 
this metal oxide diffuser is simple, cheap and has tunable particle structure [21]. The key factor to perform 
experiments on ZnO particles is control over thermal performance, timing, and particles density. The lighting 
device react differently with each change of the mentioned factors and that affects optical properties. ZnO 
with refractive index of 2 can fit between 2.5 index of GaN and 1.0 of air serving as a gradient refractive 
index layer. The usage of ZnO nanoparticles in lighting device with GaN semiconductor has been reported to 
enhance lumen output [22]. Yin et al. used ZnO particles with two distinct patterns engraved on particle 
surface, micro-cylinders and nanorods array, also achieved higher light output [23]. In another research, Yin 
et al. presented a different high scattering enhancement configuration by applying ZnO particles with uneven 
surface on a flat ITO layer [24]. Lee et al. experiment results also suggested that ZnO with modified surface 
is effective in managing lighting efficiency of GaN LEDs [25]. The many techniques to utilize ZnO particles 
as light transmission enhancer were introduced by previous studies, however, diffusing the ZnO on the 
lighting structure to achieve better optical properties was rarely mentioned. The effects of ZnO surface 
structure on a few optical properties such as correlated color temperature and color quality of pc-LEDs were 
lacking, which makes choosing an optimal method to enhance lighting performance difficult. Therefore, this 
research aims to fulfill those criteria by using different-shape ZnO from node-like (N-ZnO), sheet-like (S-
ZnO), to rod-like (R-ZnO) on pc-LEDs and study their results. The experiments on ZnO doped lighting 
configurations are executed with the support of scattering energy distribution calculation and finite-difference 
time-domain (FDTD) methods. ZnO proficiency in enhancing scattering event and color uniformity were 
approved by the experimental results. In another finding, forming an encapsulation of ZnO particles with 




2. RESEARCH METHOD 
According to Mie-scattering theory, when the ZnO particles in conformal phosphor pc-LEDs 
structure induce light scattering, at that time the effect will be determined by apply a calculating tool called 
MATLAB [22]-[25]. The equations applied to calculate the scattering coefficient μ sca (λ), the anisotropy 
factor g(λ), the reduced scattering coefficient δ sca (λ) and the scattering amplitude functions S1(θ) and S2(θ) 
are presented as: 
 
𝜇𝑠𝑐𝑎(𝜆) = ∫ 𝑁(𝑟)𝐶𝑠𝑐𝑎(𝜆, 𝑟)𝑑𝑟  (1) 
 
𝑔(𝜆) = 2𝜋 ∫∫ 𝑝
1
−1
(𝜃, 𝜆, 𝑟)𝑓(𝑟) 𝑐𝑜𝑠 𝜃 𝑑𝑐𝑜𝑠 𝜃 𝑑 𝑟,  (2) 
 














[𝑎𝑛(𝑥,𝑚)𝜏𝑛(cos𝜃) + 𝑏𝑛(𝑥,𝑚)𝜋𝑛(cos𝜃)]  (5) 
 
Where, N(r) represents the amount of scattering particles (per mm3). Csca is the scattering cross section 
(mm2). The wavelength of incident light is expressed by λ (nm). The parameter of particles size is r for radius 
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(mm). The degree in which the scattering event occurs is depicted by θ. the phase function is shown as 
p(θ,,r) while the function for diffusor size distribution in phosphor film is f(r). The expansion coefficient for 
even and odd symmetry are respectively as an and bn. x is the size parameter, m is index of refraction. 
πn(cosθ) and τn(cosθ) are the functions for dependence in angular. 
With minimal amount such as 0.25%, the ZnO particles application does not induce much 
discrepancy in scattering light distribution among different ZnO structure types as shown in Figures 1 and 2. 
This is due to the lack of ZnO particles at low particle density, making it harder for ZnO to impact the 
scattering event, thus, the influence of ZnO structure on the lighting performance is quite subtle at this point. 
As the diffuser particles concentration being too low to prompt any changes, the total scattered light 
according to common scattering theory is solely based on particle individual scattering. However, the 
difference between pc-LEDs with and without ZnO are still visible. The influences of ZnO begin to show as 
the concentration thickens. 
According to the results shown in Figures 3 and 4, it can be concluded that ZnO plays an important 
role in deciding scattering light distribution of lighting device. The S-ZnO nanostructure continues to show 
dominant results in scattering effect comparing to others ZnO nanostructures. In pc-LEDs configuration with 
0.75%-2.5% of S-ZnO, the light scattering and transmission are the highest among ZnO nanostructures. 
Although ZnO particles are useful in enhancing optical performance, adding ZnO in the configuration 
induces the back-scattering effect that damage the lighting efficiency. Any amount of ZnO will result in light 





Figure 1. Computation of scattering coefficient of 
ZnO particles with various diameters 
 
Figure 2. Computation of phase function of ZnO 





Figure 3. Computation of reduced scattering 
coefficient of ZnO particles with various diameters 
 
Figure 4. Computation of scattering cross-section of 
ZnO particles with various diameters 
 
 
3. RESULTS AND DISCUSSION 
In Figures 5(a) and 5(b) are the LEDs device and its parameters in this study, which was built 
carefully to shows similar to optical-thermal other simulations. LightTools 8.1.0 was employed to replicate 
the WLEDs with the remote phosphor structure and ZnO particles. The input data of pc-LEDs are constant 
that must be determined accurately as shown in Figure 5(c). This physical model of LEDs device has a 
reflector that is 2.1 mm in height, 8 mm in length at its top surface and a 10 mm bottom as shown in  
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Figure 5(d). The remote phosphor layer has a fixed thickness of 0.08 mm and covers 9 LED chips. The 
angular CCT distribution of ZnO pc-LEDs is measured and presented in the graph of Figure 6. According to 
the figure, color temperature of pc-LEDs improves with the presence of ZnO, in particular, the color quality 
gradually increase with more ZnO added in the configuration. This result confirmed that ZnO is effective in 
controlling optical properties, more specifically, suitable ZnO concentration and surface modification can 
greatly impact the resulted scattering light. Comparing to traditional LEDs device without ZnO, the ZnO 
doped configuration the angular-dependent CCT distribution of light emitted from bare LED chip can be 
viewed as Lambertian type. In Figure 7 are the lumen output calculated from lighting configurations with 
different ZnO particles size and concentration. Similar to other optical properties, the light intensity are also 
affected by addition of ZnO particles into the configuration. The ZnO of any type enhance the optical quality 
of the lighting device. For example, N-ZnO nanoparticles improve the light output to the highest value in 
comparison to the original pc-LEDs without ZnO, which is quite high at 6.32 mcd, and other ZnO doped 
configurations as a result of excellent light transmission efficiency. In other cases, pc-LEDs devices with  
S-ZnO and R-ZnO nanoparticles in the configuration have their color quality enhanced owing to the lighting 
uniformity. It is confirmed that ZnO and its structure can be utilized to control pc-LEDs optical quality. 
However, manufacturer should pay attention to ZnO concentration as ZnO doped configuration usually 






   
(c) (d) 
 
Figure 5. Photograph of WLEDs structure; (a) Photograph of WLEDs sample, (b) Manufacturing parameter 





Figure 6. Comparison of CCT deviation of ZnO 
particles with various diameters 
 
Figure 7. Comparison of luminous flux of ZnO 
particles with various diameters 
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4. CONCLUSION  
This research suggest the ZnO nanoparticles in improving the optical properties of white light. After 
being integrated into the phosphor layer and placed in the lighting configuration, the enhancement 
proficiency of ZnO nanoparticles are confirmed through experiments. The results show that ZnO benefit the 
scattering light distribution resulting in higher light quality. The only issue with applying ZnO particles is 
that the amount of scattered light is reduced due to scattering traits of ZnO. Through consideration, it is 
concluded that N-ZnO, S-ZnO, and R-ZnO concentrations should be maintained at 0.25%, 0.75% and 0.25% 
respectively to minimize the damage on light output while achieve a sufficient standard of color quality. 
Although ZnO doped pc-LEDs might not be the optimal enhancement particles, it is still applicable with the 
benefits it provides while being a low-cost and easy to install. The study of ZnO effects on lighting properties 
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